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(AS2O3).  Effects  of  each  of  these  two  species  on  pinning  are  distinguished 
experimentally.  We  find  that?7  in  addition  to  photochemical  reactions, 
exposure  to  flowing  water  alone  can  result  in  Fermi  level  unpinning  under 
certain  conditions.  The  oxygen  content  of  the  wash  water  and  the  specimen 
preparation  are  shown  to  be  important  variables. 
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UNPINNING  OF  THE  FERMI  LEVEL  ON  GaAs  BY  FLOWING  WATER 


The  Fermi  level  on  GaAs  (100)  surfaces  has  been  unpinned  by  exposure  of 
specimens  to  flowing  water  and  light.1  We  describe  experiments  in  which  we 
demonstrate  unpinning  of  the  surface  Fermi  level  on  n-type  GaAs  (100)  surfaces 
both  photochemleally  and  by  exposure  to  flowing  water  in  the  absenoe  of  light. 

The  Fermi  level  on  GaAs  is  "pinned"  by  charge  trapped  in  surfaoe 
states.  It  has  been  proposed  that  the  electronic  states  responsible  for  Fermi 
level  pinning  are  associated  with  metallic  arsenic  (As0)  and  A82O3,  and  that 
unpinning  can  be  explained  by  the  chemistry  of  these  species  in  water.1  As20j 
is  readily  soluble  in  water.2  Although  Insoluble  in  water  free  of  dissolved 
oxygen,  As0  is  oxidized  to  soluble  As+3  water  containing  dissolved  oxy¬ 
gen.2  In  addition.  As0  can  also  be  oxidized  photochemleally  to  a  soluble 
species  by  holes  generated  by  incident  light.  We  have  investigated  the 
effects  of  two  important  factors,  sample  surface  preparation  and  oxygen 
concentration  in  the  wash  water,  on  Fermi  level  unpinning.  Our  results  give 
further  insight  into  the  unpinning  mechanism,  and  in  particular  help  elucidate 
the  roles  of  both  As0  and  AsjO^  in  Fermi  level  pinning. 

The  samples  were  n-type  silicon-doped  GaAs  (100)  (1  to  5  X  I017/em3)  and 
were  polished  by  the  manufacturer  (Morgan  Semiconductor,  Inc.).  The  samples 
were  either  used  "as  received"  (after  a  standard  degreasing  process)  or  were 
etched  with  H2S0i,/H20  (1:1  by  volume)  for  5  minutes. 

On  "as-received"  GaAs,  the  native  surface  oxide  is  a  mixture  of  Ga20g  and 
As2°3’  with  a  relatively  small  amount  of  As0. 3  On  etched  material,  most  of 
the  bulk  oxide  is  removed,  and  the  surface  concentration  of  As0  is 
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increased.  The  surface  Fermi  level  was  found  to  be  pinned  on  both 
as-received  and  etched  GaAs. 

We  used  photoluninescence  (PL)  as  an  Indicator  of  Fermi  level 
unpinning.1  As  the  Fermi  level  unpins,  the  band  bending,  and  the  associated 
electric  field,  decrease.  Photoelectrically  generated  electron  hole  pairs 
thus  are  more  likely  to  recombine  radiatively  before  being  separated  by  the 
field,  and  the  PL  intensity  is  enhanced  accordingly. 


Samples  were  "unpinned,”  as  evidenced  by  Increased  PL  intensity,  simply 
by  washing  them  in  a  stream  from  the  laboratory  deionized  (01)  water  tap 
(oxygen  concentration:  5  ppm)  while  exposing  then  to  the  light  from  a  150  W 
■iorosoope  illuminator.  Under  these  conditions,  we  found  that  the  Feral  level 
was  unpinned  only  by  simultaneous  exposure  of  specimens  to  water  and  light,  in 
agreaaient  with  the  results  of  ref.  1. 

In  this  report,  we  present  the  results  of  experiments  oonducted  to  study 
the  effects  of  deoxygenated  and  oxygen  saturated  water  on  "as-received"  and 
acid  etched  GaAs.  In  order  to  oarry  out  these  experiments  under  controlled 
oondltions,  an  apparatus  which  provides  both  for  sample  washing  and  drying  and 
PL  measurement  was  constructed.  Samples  were  mounted  on  a  spinning  chuck.  A 
stream  of  01  (18  megohm-cm)  water,  fed  from  a  glass  reservoir  pressurized  by  a 
gas  (nitrogen  or  oxygen)  bubbler,  was  directed  onto  the  sample  through  a  sy¬ 
ringe.  The  reservoir  is  either  pressurized  by  oxygen,  which  saturates  the 
water  with  oxygen  (i«1  ppm  at  25°C),  or  with  nitrogen,  which  reduces  the  oxygen 
content  of  the  water  to  a  very  low  level  (£  0.1  ppm).  The  -amples  were  then 
dried  by  spinning  them  in  a  stream  of  nitrogen  or  air.  These  Jets  of  gas 
could  be  heated.  After  drying,  PL  measurements  were  made  using  a  chopped  15 
mW  helium-neon  laser  (632.8  nm)  as  an  excitation  source.  The  HeNe  laser  was 
focused  through  a  10X  microscope  objective  to  an  approximately  2  mm  spot  on 
the  sample  surface  for  PL  excitation.  A  100  W  quartz- halogen  lamp  can  also  be 
focused  through  the  objective  to  the  same  spot  to  stimulate  photochemical 
reactions.  The  bandgap  PL  radiation  from  the  specimens  at  860  nm  was 
synchronously  detected  after  passing  through  an  Oriel  one-eighth  meter  grating 
monochromator .  An  optical  filter  (Schott  RG  695)  eliminated  stray  exciting 
light. 

We  first  describe  the  results  of  the  experiments  in  which  the  wash  water 
was  thoroughly  deoxygenated  by  bubbling  nitrogen.  As-received  samples 
initially  washed  in  the  dark  showed  a  factor  of  2  increase  in  the  PL  intensity 
over  the  PL  signal  level  before  unpinning  (background).  Some  reduction  of 
surface  state  density  and  an  associated  PL  intensity  increase  would  be 
expected  Just  by  washing  as-received  material  in  deoxygenated  water  as  the 
dominant  As20g  is  removed.  After  more  washing  with  the  tungsten  lamp  on, 


samples  showed  a  further  increase  in  PL  intensity  over  the  enhancement 
observed  without  illumination,  to  about  a  factor  of  3  over  the  background. 
Photochemical  reactions  lead  to  only  a  modest  additional  PL  increase  because 
As0  is  not  a  major  surface  constituent,  and  a  photochemical  reaction  is 
therefore  not  required  for  a  significant  increase  in  PL  to  occur.  Samples 
pretreated  by  washing  in  the  f^SO^/HjO  etch,  followed  by  deoxygenated  water 
rinse  and  nitrogen  drying,  showed  at  best  only  a  slight  enhancement  of  the  PL 
intensity  without  illumination.  Washing  these  samples  while  illuminated  by 
the  quartz- halogen  lamp  produced  a  substantial  increase  in  PL  intensity, 
typically  by  a  factor  of  3.  These  observations  are  both  explained  if  As0, 
insoluble  in  oxygen-free  water  but  oxidizable  photochemically,  is  the  dominant 
surface  species.  We  also  observed  that,  once  unpinned,  the  PL  intensity  after 
decay  can  be  increased  to  its  original  value  by  water  washing  alone.  This 
observation  implies  that  the  surface  repins  by  interaction  with  atmospheric 
oxygen  to  form  a  soluble  species,  such  as  AS2O3,  which  can  be  removed  easily 
by  further  washing. 

The  time  dependence  of  the  PL  intensity  when  samples  unpinned  by  flowing 
deoxygenated  water  were  exposed  to  a  stream  of  heated  air  or  to  heated 
nitrogen  is  also  consistent  with  the  arsenic/ arsenic  oxide  model.  With  heated 
air  exposure,  a  PL  decay  with  a  pronounced  temperature  dependence  is  seen, 
while  the  PL  intensity  decays  much  more  slowly  in  the  stream  of  heated 
nitrogen  (Fig.  1).  The  surface  thus  "repins"  when  the  GaAs  is  oxidized  in 
air. 

The  PL  intensity  is  also  increased  by  alternating  cycles  of  specimen 
heating  and  washing  with  deoxygenated  water.  After  an  Initial  washing,  the  PL 
intensity  of  an  as-received  sample  increased  by  a  factor  of  2.  The  sample 
surface  was  then  exposed  for  15  seconds  to  170°C  air,  which  caused  the  PL 
signal  to  decay  to  its  initial  intensity.  This  procedure  was  repeated  three 
times,  with  signal  enhancement  noted  over  each  cycle,  after  which  a  maximum 
Intensity  was  reached.  Heating  apparently  converts  any  residual  Insoluble 
As0  to  soluble  AS2O3,  which  then  washes  away.  Each  cycle  thus  leads  to  an 
Increase  in  PL  Intensity  until  all  of  the  As0  that  is  initially  on  the  surface 
is  oxidized  and  removed. 
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In  contrast  to  deoxygenated  water,  in  which  As0  is  insoluble,  both  As203 
and  As0  are  soluble  in  oxygenated  water.  In  the  next  series  of  experiments, 
we  studied  the  effects  of  water  saturated  with  oxygen  on  as-received  and  acid 
etched  specimens.  The  PL  intensities  as  a  function  of  the  cumulative  time  of 
washing  for  an  as-received  specimen  washed  in  oxygen  saturated  water  and,  for 
comparison,  an  as-received  specimen  washed  in  deoxygenated  water,  are  shown  in 
Fig.  2.  These  data  were  obtained  by  alternately  washing  specimens  for  various 
times,  then  drying  them  and  measuring  their  PL  Intensities.  The  PL  Intensity 
decays  with  time,  and  the  data  represent  the  maximum  intensity  attained  after 
each  washing.  With  oxygen  saturated  water,  the  PL  Intensity  reached  a  maximum 
at  about  2  minutes,  then  dropped  rapidly.  With  deoxygenated  water,  the  PL 
Intensity  reached  a  maximum  and  did  not  decrease  appreciably  with  further 
washing. 

In  deoxygenated  water,  as-received  material  is  unpinned,  at  least 
partially,  when  the  predominant  arsenic  species,  As203,  is  dissolved.  Some 
residual  As0  may  remain  on  the  surface,  but  no  new  oxidized  arsenic  species 
can  form.  Figure  2  suggests  that,  when  as-received  GaAs  is  washed  with  oxygen 
saturated  water,  As203  goes  into  solution  while  As0  is  first  oxidized,  then 
also  goes  into  solution.  The  removal  of  these  two  arsenic  species  from  the 
surface  leads  initially  to  an  increase  in  the  PL  intensity,  even  above  the 
level  recorded  for  washing  in  deoxygenated  water.  However,  we  believe  that 
after  a  few  minutes  of  washing  a  surface  oxide  layer,  largely  Ga2C>3>  is  formed 
on  GaAs.  This  insoluble  oxide  layer  interferes  with  oxygen  transport  to  the 
GaAs  substrate  and  with  the  transport  of  As*^  away  from  the  substrate.  Aa203 
may  thus  be  stable,  or  at  least  in  dynamic  equilibrium,  at  the  Interface,  and 
the  surface  cannot  be  maintained  in  an  unpinned  condition.  It  has  been 
reported  that  GaAs  surface  oxides  may  be  removed  by  flowing  water  under  some 
conditions. ^  Our  data,  however,  are  better  explained  by  the  formation  of  a 
passivating  oxide  layer  as  suggested  in  ref.  1.  We  have  found  that  surfaces, 
once  exposed  to  prolonged  washing  in  oxygenated  water  without  light,  cannot  be 
unpinned  by  washing  with  oxygenated  water  while  Illuminated.  This  observation 
is  consistent  with  the  hypothesis  of  a  passivating  oxide  layer.  The  photochem¬ 
ical  unpinning  process  requires  the  access  of  chemical  species  to  and  from  the 


INTENSITY,  (peak  —  background)/background 


CUMULATIVE  WASH  TIME,  min 


PL  Intensity  vs.  Cumulative  Washing  Time  for  As-Received  Specimens 
Exposed  to  Successive  Washings  with  Oxygen  Saturated  Water 
(Asterisks)  and  Deoxygenated  Water  (Squares).  The  PL  intensity 
begins  to  decay  toward  background  after  each  wash.  Data  that 
represent  the  maximum  PL  intensities  attained  after  each  washing  are 
plotted . 


surface.  Photochemical  unpinning  is  impeded  when  surface  access  is  blocked  by 
an  oxide  layer. 

Additional  experimentation  is  essential  for  complete  understanding  of  the 
surface  chemistry  of  Feral  level  unpinning ,  but  we  have  presented  a  consistent 
explanation  of  our  observations.  In  addition  to  unpinning  by  washing  in  the 
presence  of  light,  we  have  demonstrated  that  the  Fermi  level  on  n-type  GaAs 
may  be  unpinned  by  the  action  of  flowing  water  alone. 
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Dm  Aerospace  Corporation  functions  aa  an  "architect-engineer*  for 
national  security  projects,  specialising  In  advanced  military  apaca  systona. 
frwldlnf  research  support,  the  corporations  Laboratory  Operations  conducts 
eaperlasntal  and  theoretical  Investigations  that  focus  on  the  application  of 
scientific  and  technical  advances  to  such  ays tans.  Vital  to  the  success  of 
these  Investigations  la  the  technical  staff's  wide-ranging  expertise  end  Its 
ability  to  stay  current  with  new  developments,  this  expertise  la  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  sya terns.  Contributing  their  capabilities  to  the 
research  effort  are  these  ledlvldual  laboratories: 

Aorophyalce  Laboratory :  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propnlaloa,  propellent 
chemistry,  chemical  dynamics,  environmental  chemistry,  trees  detection; 
spacecraft  structural  mechanics ,  contamination,  thermal  ami  structural 
control;  high  t superstars  the  mouse hen lea ,  gaa  kinetics  and  radiation;  cw  and 
pulsed  chemical  and  exclmer  laser  development  Including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  mad  countermeasures. 

Chemistry  end  fhrelco  Laboratory i  Atmospheric  chemical  reactions, 
atmospheric  optics ,  light  scat taring,  state-specific  chemical  reactions  and 
radiative  elgMtures  of  missile  plumes,  sens  or  out  -of  -f  leld-ef  -vies  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics .  solar  cell 
Physics,  battery  electro chemistry,  specs  vacaun  and  radiation  effects  an 
materials,  lubrication  and  surface  phenomena,  thermionic  ami  salon,  photo¬ 
sensitive  materials  end  detectors,  atomic  freguomey  standards,  and 
environmental  chemistry. 

ffesputsr  Science  Laboratory:  Program  verification,  program  translation, 
part oraancs  ■sensitive  system  design,  distributed  architectures  far  epacsbama 
coup store,  fault -tolerant  computer  eyeteua,  artificial  total ltganee,  micro¬ 
electronics  applications ,  ccumnaleatloa  protocols,  sad  computer  security. 

tlectromlce  hssearch  Laboratory i  microelectronics,  eelld -state  devlco 
physics,  compound  aamleamdncters,  radiation  hardening;  electro-optics,  guest  mm 
electronics,  eel  Id-stats  lasers,  optical  pc  op  eg  a  ties  and  eoMuml  cat  lens; 
nlcr amove  eon! conductor  devices,  ulcrsmmve/ millimeter  unve  naaeuremants , 

4  lag  nasties  and  radlomatry,  mlcrjmmra/mll  l  luster  nave  there!  sale  devices; 
atomic  tine  and  frogman ay  standards;  antennae,  rf  ays tons,  electromagnetic 
prepagetlem  phansmano,  epees  cenunolcatlon  ays tens. 

Water  la  la  icloncaa  Uhorotary:  hovel  epueat  of  mew  materials:  metals, 
alloys,  ceramics,  peiymars  and  their  compos 1 tee,  aed  new  forms  of  carbon;  noe- 
daatrnctlve  oval nation,  eeopement  failure  analysis  sad  reliability;  fractals 
mechanics  end  » trees  eorreelen;  see lysis  and  ova last Ion  of  materials  at 
cryogenic  and  elevated  temperatures  ae  well  aa  la  specs  sad  aaoap-laduced 
environments. 


fpece  Sciences  Laboratory:  magnets spheric,  auroral  and  cosmic  ray 
physics,  unva  particle  lnterectlems,  aagneteepherlc  plasma  neves;  atmospheric 
and  tome ep hurls  physics,  density  and  oeupeeltlea  a f  the  upper  stmeephere, 
remits  eenelag  aslag  atmaepherlc  radiation;  solar  physics.  Infrared  aacromsam, 
infrared  signature  aanlyats;  effects  of  aelar  activity,  magmatic  storms  and 
nuclear  explosions  am  the  earth’s  atmosphere,  Ionosphere  and  magnetosphere; 
effects  of  electromagnetic  and  particulate  red 1st tons  on  apace  systems;  space 
lantrweetetloa. 
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